Stress and glucocorticoids alter glutamatergic transmission, and the outcome of stress may range from plasticity enhancing effects to noxious, maladaptive changes. We have previously demonstrated that acute stress rapidly increases glutamate release in prefrontal and frontal cortex via glucocorticoid receptor and accumulation of presynaptic SNARE complex. Here we compared the ex vivo effects of acute stress on glutamate release with those of in vitro application of corticosterone, to analyze whether acute effect of stress on glutamatergic transmission is mediated by local synaptic action of corticosterone. We found that acute stress increases both the readily releasable pool (RRP) of vesicles and depolarization-evoked glutamate release, while application in vitro of corticosterone rapidly increases the RRP, an effect dependent on synaptic receptors for the hormone, but does not induce glutamate release for up to 20 min. These findings indicate that corticosterone mediates the enhancement of glutamate release induced by acute stress, and the rapid non-genomic action of the hormone is necessary but not sufficient for this effect.
INTRODUCTION
Stressful events can exert positive influence on brain function, when stress response is efficiently turned on and shut off, or noxious effects, when the response is overused or dysregulated. 1, 2 A maladaptive stress response can be associated with impaired brain function and trigger brain, systemic and metabolic disorders. Recent lines of evidence have shown that tracing the effects of stress at synaptic level may indicate how different stressors affect the brain and induce adaptive/maladaptive changes. [3] [4] [5] [6] Glucocorticoid hormones are major mediators of the stress response, by binding to mineralocorticoid and glucocorticoid receptors (MR and GR, respectively), classically shown as transcription factors mediating delayed genomic effects. However, recent studies showed that corticosterone (CORT) also produces rapid non-genomic effects on neuronal excitability and function, through the activation of putative membrane-associated GR/MR. Acute CORT application in vitro on hippocampal slices enhances the frequency of miniature excitatory postsynaptic currents, by presynaptic non-genomic MR-dependent mechanisms. 3, 4, 6 In hippocampus (HPC), CORT also exerts non-genomic postsynaptic effects, potentiating the excitability of postsynaptic neurons through MR activation, inhibiting repolarizing potassium I A -currents, 7 and facilitating the induction of synaptic plasticity, through changes in α-amino-3-hydroxyl-5-methyl-4-isoxazole propionic acid (AMPA) receptors surface trafficking. 4 We have previously shown that acute footshock (FS) stress rapidly increases depolarization-evoked glutamate release from prefrontal and frontal cortex (PFC/FC) synaptic terminals synaptosomes, 5 an effect dependent on activation of GR and SNARE protein complex accumulation. Because the number of SNARE complexes mediating vesicle fusion is thought to be constant per vesicle, these results suggested that stress may acutely increase the size of the readily releasable pool (RRP) of synaptic vesicles (SV). Interestingly, in different studies it was shown that acute systemic treatment of rats with CORT, as well as in vitro incubation of PFC neuronal cultures and acute slices, replicates the longlasting potentiation of Glu transmission induced in PFC by acute stress, 8, 9 suggesting a key role of CORT in the enhancement of glutamatergic transmission in PFC.
The main aim of the present work was to compare, with a combined approach, the effects of acute stress and of in vitro application of CORT to PFC/FC synaptic terminals, to analyze whether the modulation of glutamate release and transmission induced by stress is mediated by synaptic (non-genomic) action of the hormone. Our results show that CORT in vitro rapidly enhances SV mobilization and increases the RRP size in PFC/FC 1 synaptosomes, through activation of synaptic GR/MR-mediated non-genomic mechanisms. However, different from stress, this fast effect of CORT was not accompanied by changes in depolarization-evoked glutamate release and synaptic transmission. As we show here that acute stress increases both the RRP and glutamate release in a CORT-dependent way, we speculate that rapid (non-genomic) synaptic action of CORT on the RRP size is necessary, but not sufficient, to increase glutamate release/ transmission in PFC/FC. Enhancement of glutamate release/ transmission likely needs the activation of delayed, possibly genomic, mechanisms.
MATERIALS AND METHODS Animals
All experimental procedures involving animals were performed in accordance with the European Community Council Directive 86/609/EEC, and were approved by Italian legislation on animal experimentation (Decreto Legislativo 116/1992). Sprague-Dawley male rats were used.
Footshock stress procedure
The FS-stress protocol was performed on 275-300 g male rats as previously reported. 5, 10 In some experiments, the rats were treated 30 min before stress with RU486 (selective GR antagonist) or SPIR (spironolactone, selective MR antagonist) (50 mg kg − 1 subcutaneous; dissolved in dimethylsulfoxide, DMSO). 5 Rats were killed immediately after the stress session, and serum CORT levels were measured using a commercial kit (Corticosterone EIA kit, Immunodiagnostic System, Boldon, UK) as previously reported. 5 Preparation of purified synaptosomes, presynaptic membranes and postsynaptic spine membranes Purified synaptic terminals synaptosomes were freshly prepared by centrifugation on Percoll gradients, 11 with minor modifications 5,12 from PFC/FC. When indicated, brain tissue was homogenized in buffered sucrose in the presence of 12 μg of antibody anti-synapsin I directed against the synapsin I epitope containing Ser9 (Synaptic System, Göttingen, Germany), to entrap this agent into synaptosomes as previously described. 13, 14 For neurotransmitter release and total internal reflection fluorescence (TIRF) microscopy experiments, synaptosomes were resuspended in physiological medium with the following composition: 140 mM NaCl, 3 mM KCl, 1.2 mM MgSO 4 , 1.2 mM CaCl 2 , 1.2 mM NaH 2 PO 4 , 5 mM NaHCO 3 , 10 mM glucose, 10 mM HEPES, pH 7.2-7.4. For western blotting experiments, synaptosomes were resuspended in lysis buffer: 120 mM NaCl, 20 mM HEPES pH 7.4, 0.1 mM EGTA, 0.1 mM DTT, containing 20 mM NaF, 5 mM Na 2 PO 4 , 1 mM Na 2 VO 4 , and 2 mg ml − 1 of protease inhibitor cocktail (Sigma-Aldrich, Milan, Italy). The synaptic membrane fraction was prepared by centrifugation as described previously. 5 The postsynaptic spine membranes (triton-insoluble fraction) were prepared as in Gardoni et al.
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Neurotransmitter release experiments H released in each sample was calculated as fractional rate × 100 (percentage of the total synaptosomal neurotransmitter content at the beginning of the respective sample collection). The stimulus-evoked overflow was estimated by subtracting transmitter content of the two 3-min samples (basal outflow) from release evoked in the 6-min sample collected during and after the depolarization pulse (stimulus-evoked release). Endogenous glutamate, glycine, Asp and GABA were measured by HPLC analysis. 17 When in vitro effects of CORT (100 nM, 10 μM) and selective GR or MR antagonists, 100 nM RU486 or SPIR respectively, were evaluated, 4 synaptosomes were superfused with the drugs during the pulse with 15 mM KCl or 250 mM sucrose.
Stereology
After stress, Sprague-Dawley male rats were anesthetized with pentobarbital sodium (Unikem A/S, Copenhagen, Denmark; 75 mg kg − 1 , intraperitoneal), and transcardially perfused with heparinized (10 mg ml − 1 ) saline (NaCl 0.9%, pH = 7.4) for 5 min followed by 2.5% glutaraldehyde and 2% fresh paraformaldehyde in 0.1 M cacodylate buffer (pH 7.4). Brain hemispheres were embedded in 5% agar and cut coronally from the rostral surface (section thickness 100 μm). One set (1/6 sampling fraction) of sections was chosen for thionin staining, on the basis of a systematic random sampling principle, medial PFC (mPFC) subareas were identified on the basis of their cytoarchitectural features 18 and processed for electron microscopy. 19 After inclusion in ultra-Hard Epon (TAAB, Berkshire, England), trapezoid-shaped regional samples from mPFC were systematically randomly selected, and series of ultra-thin sections (45 nm thick) were cut on an ultramicrotome and micrographs taken on a FEI Morgagni transmission electron microscope with a SIS3 digital camera. Only asymmetric spine-synapses entirely included in the series were sampled and further classified into perforated and non-perforated, based on the appearance of perforations in the postsynaptic density. 20 The data set included 119 excitatory synapses with 59 perforated synapses (33 controls, 26 stressed), and 60 non-perforated synapses (33 controls, 27 stressed), from 5 control and 4 stressed rats.
Only when three-fourth of the membrane was clearly visible, vesicles were pointed for quantification using ITEM Software (Olympus Soft Imaging Solutions, GmbH, Germany). The presynaptic active zone was outlined, and vesicles were defined as docked when their membrane was overlapping with the presynaptic membrane. Total vesicles included all vesicles not docked to the presynaptic membranes. The total number of vesicles was obtained by multiplying the number of vesicles per volume synapse for the total volume of the synapse. The latter was estimated by the Cavalieri estimator. 21 Acute slice preparation and electrophysiological recordings Rats were anesthetized by a lethal intraperitoneal injection of thiopental (50 mg; RotexMedica, GMBH, Germany), and intracardially perfused with an ice-cold saline solution containing 5000 IU l − 1 heparin (Pharmatex, Milano, Italy). After decapitation, brains were quickly removed and transferred to an ice-cold cutting solution (containing in mM: 119 NaCl, 2. 2 ) and warmed at 33.6°C for 1 h. Slices were then maintained at room temperature up to 6 h before being transferred to the recording chamber.
EPSPs were evoked by tungsten bipolar electrodes (10 MOhm, FHC, Bowdoinham, ME, USA) positioned in layer V. Evoked EPSPs were simultaneously recorded by sharp intracellular electrodes (resistance 180-200 MΩ) filled with 2 M Cs-methanesulfonate supplemented with 10 mM QX-314 (both from Sigma-Aldrich) to block voltage-gated sodium channels. The stimulation frequency was set at 0.1 Hz (biphasic pulses, 200 μs pulse duration, current stimuli of constant amplitude 15-40 μA). Cells recordings were maintained when cells showed a stable negative resting potential (at least −50-60 mV). To study CORT effect, 100 nM, 1 μM or 10 μM CORT was applied in perfusion. The amplitude of each EPSP was estimated as the peak-to-baseline difference, where the peak value was averaged over 10 data points around the EPSP maximum. For normalization, in every experiment, EPSP amplitudes were divided by their initial control value, calculated by averaging EPSPs amplitudes during the first minute of recording. The paired-pulse ratio was computed as the amplitude ratio of the second to the first EPSP using an inter-pulse interval of 50 ms. For hippocampal recordings, EPSPs were evoked by tungsten bipolar electrodes (10 MOhm, FHC) positioned in Shaffer collaterals (CA3) and extracellular fields electrodes (resistance 0.5-2 MΩ) filled with extracellular recording solution were positioned in stratum radiatum (CA1).
Immunofluorescence and total internal reflection fluorescence microscopy For immunofluorescence experiments, 150 μg of freshly purified synaptosomes from PFC/FC were layered on coverslips for 2 h at room temperature. 22 Then, synaptosomes were incubated for 100 s with the lipophilic dye FM1-43 FX (4 μM) (fixable analog of FM1-43, Life Stress increases the readily releasable pool of vesicles G Treccani et al
Technologies, Carlsbad, CA, USA) in the presence of 25 mM KCl (substituting for equimolar concentration of NaCl) for vesicle loading, and then washed in physiological buffer at least for 10 min to remove the staining of plasma membranes. 23 Synaptosomes were then fixed in glutaraldehyde 0.2% for 15 min at room temperature. Fixed synaptosomes were incubated with anti L-glutamate (Millipore, Billerica, MA, USA) or v-GLUT1 (Millipore) 1:200 followed by Alexa Fluor 555 goat anti-rabbit IgG (Life Technologies) and imaged by TIRFM, to determine the amount of FM1-43 FX-positive glutamatergic structures.
Synaptosomes were imaged under TIRF illumination by means of an AxioObserver Z1 microscope (Zeiss, Jena, Germany). 24, 25 Synaptosomes were identified by fluorescence using a 100 × oil immersion objective (NA 1.45 Alpha-Plan, Zeiss), and TIRFM was performed using a 100 mW multiline argon-ion laser introduced into the excitation light path (filters 488/10 nm for FM1-43 or 514/10 nm for glutamate-Alexa 555) through the TIRF-slider (Zeiss). The band widths of the emissions were 500-550 nm (FM1-43) and 550-600 nm (Alexa 555). Digital images (512 × 512 pixels) were captured on a cooled Retiga SRV CCD camera.
Total internal reflection fluorescence microscopy on live synaptosomes For TIRF microscopy experiments on live synaptosomes, 50 μg of freshly purified synaptosomes from PFC/FC were layered on coverslips for 2 h at room temperature. 22 Then, synaptosomes were incubated with 4 μM FM1-43 in the presence of 25 mM KCl for 100 s, as above. After extensive washing, synaptosomes were imaged under TIRF illumination for 10 min in the presence of 100 nM, 1 μM, 10 μM CORT or 0.01% DMSO. Imaging was carried out at 4 frames min − 1 during the first 5 min and 1 frame min
during the next 5 min of incubation. When RU486 and SPIR were used, synaptosomes were pre-incubated for 5 min with either RU486 or SPIR before CORT treatment. 3, 26 During the pre-incubation with antagonists, TIRFM recordings were routinely carried out at 1 frame min
Image analysis on total internal reflection fluorescence microscopy experiments TIRF images were analyzed using Image-Pro Plus Analyser Image Software (Media Cybernetics, Bethesda, MD, USA). A set of automated image processing macro/subroutines was developed on the basis of existing algorithms of the Image-Pro Plus Analyser software (Gaussian filtering, nearest neighboring deconvolution) and, finally, images were backgroundsubtracted by using the averaged value within a user-defined background region. The resulting corrected images were then analyzed using a plug-in custom written for selection and quantification of fluorescent spots according to their shapes, size and intensity. The following criteria were used to include individual structures: (1) mean diameter 0.5 mm, (2) minimal pixel intensity 30% above the local background and (3) roundness score of 0.8-1.
In immunofluorescence experiments, data acquired using multicolor TIRF, once selected, were processed to measure colocalization of individual structures.
In TIRF microscopy experiments on live synaptosomes, the number of fluorescent spots in the TIRF field in each frame was normalized on the number of spots at t = 0 and expressed as percentage versus t = 0.
Western blotting
To measure expression and phosphorylation levels of synapsin I, synaptosomes were resuspended in physiological medium containing 100 nM, 10 μM CORT or DMSO and incubated 10 min at 37°C under gentle shaking. For the experiments with selective CORT antagonists, SPIR or RU486 were added 5 min before and during CORT incubation. After incubation, synaptosomes were centrifugated at 4°C and resuspended in lysis buffer. The synaptic membrane fraction was prepared by centrifugation as described above.
Western blotting analysis was carried out as previously described 5 by incubating PVDF membranes, containing electrophoresed and blotted proteins from either synaptosomes or presynaptic membranes, with monoclonal antibodies for synapsin I 1:2000 (Synaptic System, Gottingen, Germany), P-synapsin I site 7 (Ser553) 1:1000 (Abcam, Cambridge, UK), P-Akt (Ser473) 1:1000, β-actin 1:20000 (Sigma-Aldrich), and polyclonal antibodies for P-synapsin I site 1 (Ser9) 1:1000 (Cell Signaling, Danvers, MA, USA), P-synapsin I site 3 (Ser603) 1:1000 (Abnova, Taipei, Taiwan), P-synapsin I site 4,5 (Ser62-67) 1:500 (Merck Millipore, Darmstadt, Germany), P-synapsin I site 6 (ser549) 1:1000 (Merck Millipore), GR 1:500 (Santa Cruz Biotechnologies, Santa Cruz, CA, USA), MR 1:500 (Santa Cruz Biotechnologies). After incubation with peroxidase-conjugated secondary antibodies, protein bands were detected with ECLTM (Genespin, Milano, Italy). All protein bands used were within a linear range and normalized for β-actin level in the same membrane for loading. ), was purchased from Amersham (Buckinghamshire, UK). CORT, SPIR, RU486 were from Sigma-Aldrich.
Drugs

Statistical analysis
For the analysis of release experiments, one-way analysis of variance (ANOVA) followed by the Newman-Keuls post hoc test (when more than two experimental groups were analyzed) or the unpaired Student's t-test (when two experimental groups were analyzed) were used. Two-way ANOVA followed by Bonferroni post hoc test was applied to analyze results in Figures 1a and 2f . The unpaired Student's t-test was used for the analysis of stereology experiments. One-way ANOVA (Newman-Keuls post hoc test) was used for the analysis of the area under the curve values obtained from TIRFM experiments. For statistical analysis of electrophysiological traces before and during the application of CORT, the Wilcoxon signed-rank test (one or two tails) was used. One-way ANOVA (Newman-Keuls post hoc test) or the unpaired Student's t-test were used for the analysis of western blotting experiments. Statistical analysis of the data was carried out using GraphPad Prism4 (GraphPad Software, San Diego, CA, USA).
RESULTS
Acute stress increases the readily releasable pool of glutamate vesicles and the number of membrane-docked vesicles
In the present study, we asked whether acute stress-induced enhancement of depolarization-evoked glutamate release is mediated by an increase in the RRP size. Therefore, we subjected rats to FS-stress as before 5 and found that, as expected, acute stressinduced rapid serum CORT rise (1827 ± 171.7%; n = 7, P = 0.0001, unpaired t-test) (Figure 1a) , and markedly enhanced 15 mM KCl-evoked release of endogenous glutamate from PFC/FC synaptosomes in superfusion (37.56 ± 12.22%, n = 7-8, P = 0.0152, unpaired t-test) (Figure 1b) . Then, we treated synaptosomes with hypertonic sucrose, which induces Ca 2+ -independent exocytosis, selectively involving the RRP. 17, 27, 28 We found that 250 mM sucrose-evoked glutamate release was highly enhanced in PFC/ FC synaptosomes from stressed rats (61.81 ± 13.25%, n = 7-8, P = 0.0005, unpaired t-test) (Figure 1c) . Interestingly, in stressed rats no changes were observed in sucrose-evoked, endogenous release of GABA (control: 52.4 ± 4.35 pmol mg − 1 ; FS-stress: 51.9 ± 4.54, n = 7, P = 0.9379, unpaired t-test), L-Asp (control: 197.1 ± 9.32; FS-stress: 208.9 ± 11.22, n = 7, P = 0.4343, unpaired t-test,) or glycine (control: 488.5 ± 11.37; FS-stress: 486.0 ± 7.85, n = 7, P = 0.8594, unpaired t-test), suggesting that, among aminoacid neurotransmitters, acute stress selectively affected RRP of glutamate. To verify if the stress-induced increase of RRP size of glutamate was dependent on the binding of CORT to receptors, we treated rats with selective MR (spironolactone) or GR (RU486) antagonists, both administered 30 min before the stress session (50 mg kg − 1 subcutaneous, see Materials and Methods for details), and measured the release of the excitatory amino-acid neurotransmitter. In these experiments, we monitored glutamate release by labeling synaptosomes with [ 3 H]-D-Asp, a nonmetabolizable analog of glutamate and a glutamate transporter substrate, widely used to mark the vesicular glutamate pools in release studies. [29] [30] [31] We found that 250 mM sucrose-evoked [
3 H]-DAsp release was increased by acute stress, similar to endogenous glutamate. Moreover, in vivo treatment with both MR and GR antagonists before the stress protocol completely blocked the enhancement of depolarization-evoked glutamate release induced by stress (one-way ANOVA, P = 0.0004, n = 7; NewmanKeuls post hoc test: SPIR: −47.65 ± 13.99% P o0.01; RU486: −70.58 ± 3.55 P o 0.001 vs STRESS) (Figure 1d) , and the increase of sucrose-evoked [ 3 H]-D-Asp release (one-way ANOVA, P = 0.001, n = 7; Newman-Keuls post hoc test: SPIR: −55.77 ± 10.58% P o 0.01; RU486: −71.15 ± 11.63 P o0.01 vs STRESS) (Figure 1e ), suggesting the involvement of both receptors in this mechanism. On the basis of these and our previous results, in the subsequent experiments we used [ 3 H]-D-Asp to monitor glutamate release. In order to verify if acute stress was able to change the distribution of vesicles in excitatory synaptic terminals, we used a stereological approach for SV quantification, which takes advantage of serial section electron microscopy (see Materials and Methods). We counted the number of total vesicles and the number of vesicles with their membrane overlapping with the presynaptic membrane (membrane-docked vesicles), in asymmetric (excitatory), perforated (33 controls, 26 stressed) and nonperforated (33 controls, 27 stressed) mPFC synapses (Figures 1f  and i, Supplementary Figure S1 ) from control and FS-stressed rats (see Materials and Methods). We found that acute stress induced a significant increase in the number of docked vesicles, selectively in perforated synapses (91.44 ± 24.06%, n = 4-5 rats/group, P = 0.0067, unpaired t-test) but not in non-perforated ones (Figures 1j and k) . No changes were observed in the total number of vesicles in both perforated and non-perforated synapses (Figures 1l and m) . These data are in line with our results with hypertonic sucrose-evoked release, and suggest that acute stress selectively affects the RRP size in perforated synapses. # P o0.01 vs STRESS; n = 7 rats/group. Transmission electron micrograph (EM) of mPFC representative perforated synapse (f) (blue arrows) and (g) non-perforated synapse (red arrow) (scale bar, 500 nm). EM of mPFC serial section: representative non-perforated synapse (h) and the counting strategy used to calculate docked (red dots) and total (green dots) vesicles (i) (scale bar, 500 nm). Number of docked vesicles in perforated and non-perforated synapses (j,k) in CNT and STRESS rats. Data and statistics as in a; **P o0.01, n = 4-5 rats/group. Number of total vesicles in perforated and non-perforated synapses (l,m). Data and statistics as in a; n = 4-5 rats/group. Asp, aspartase; mPFC, medial prefrontal cortex; PFC/FC, prefrontal and frontal cortex; SPIR, spironolactone.
Corticosterone in vitro rapidly increases the readily releasable pool of glutamate vesicles but does not change depolarizationdependent glutamate release and synaptic transmission To investigate whether acute synaptic exposure to CORT is able to directly and rapidly modulate glutamate release/transmission, we first investigated the effects of CORT on glutamate ([ 3 H]D-Asp) release in the absence of stimulus. Normally, release of glutamate from synaptosomes stabilizes to basal level during the first few minutes of superfusion 32 ( Figure 2a) . We superfused synaptosomes with control buffer, 100 or 10 μM CORT for 10 min, collected 1 fraction/min and found that CORT transiently (fractions 5, 6 for 100 nM; 4, 5, 6, 7 for 10 μM CORT) and slightly increased spontaneous glutamate release (Figure 2a ) (two-way ANOVA, significant effects of treatment, P = 0.0001, and time, P = 0.0001, no treatment/time interaction P = 0.0949; Bonferroni post hoc test; 100 nM CORT: fraction 4, 11.90 ± 2.38%, P o 0.01; fraction 5, 16.46 ± 2.53%, Po 0.001; fraction 6, 16.67 ± 3.85%, P o 0.001; fraction 7, 13.75 ± 1.25%, P o 0.001 vs DMSO, n = 6; 10 μM CORT: fraction 5, 12.66 ± 1.27%, P o 0.01; fraction 6, 11.54 ± 1.28%, P o0.05 versus DMSO, n = 6). This suggests the effect of CORT on spontaneous release is transient (2 min for 10 μM; 4 min for 100 nM) and of small extent. Then, we measured the effect of acute CORT application by evoking glutamate release in vitro using depolarizing stimulus or challenge with hypertonic sucrose (see above). We found that, differently from acute stress (see Figure 1b) , the local application of CORT (100 nM or 10 μM) to synaptosomes failed to induce changes in depolarization-evoked glutamate release (Figure 2b ). However, CORT markedly increased hypertonic sucrose-evoked release of glutamate (one-way ANOVA, P = 0.0001 n = 5-8; Newman-Keuls post hoc test; 100 nM CORT: 52.87 ± 10.35%, P o 0.01; 10 μM CORT: 139.08 ± 21.84%, P o0.001 vs DMSO) (Figure 2c ), suggesting that, although increasing the RRP of vesicles with a fast synaptic mechanism, CORT is not able to induce fast changes in depolarization-evoked release. Thus, although the RRP cannot be discharged by depolarization, it can still be exocytosed when voltage-activated calcium channels are bypassed by hypertonic challenge.
As the effect of CORT on the RRP size in isolated synaptosomes implies the activation of synaptic MR or GR, we assessed the local protein expression of both receptors. We tested total tissue homogenate (H), nuclear fraction (P1), and crude cytosol (S2) where MR/GR were particularly enriched, consistent with classical cytosolic localization. We also found expression of the two receptors in purified synaptosomes, and both in presynaptic membranes (LP1) and postsynaptic spine membranes (tritoninsoluble fraction) (Figure 2d ). These data confirm that MR/GR are expressed at synapses of PFC/FC, as shown previously in amygdala, 33 and may locally mediate the synaptic effects of CORT. Therefore, to assess whether local MR/GR mediate CORT effects on RRP size, we measured hypertonic sucrose-evoked release from PFC/FC synaptosomes superfused with CORT in the presence of either SPIR or RU486. Both antagonists completely prevented the increase of RRP induced by 100 nM CORT (one-way ANOVA; P = 0.0002 n = 6-8; Newman-Keuls post hoc test; SPIR: −57.47 ± 18.39%, P o 0.05; RU486: −72.41 ± 11.49%, P o0.001 vs CORT) (Figure 2e ), confirming that the rapid effect of CORT on the RRP size was mediated by GR and MR located at presynaptic terminals.
Having found that acute stress enhances both the size of RRP and depolarization-dependent glutamate release in PFC/FC, while CORT application in vitro to synaptosomes replicates the increase of RRP size but not the enhancement of glutamate release, we investigated the outcome of CORT application on synaptic transmission recorded in ex vivo brain slices. Contrary to the HPC, little is known on the effect of CORT application on synaptic transmission of PFC in ex vivo slices. A previous work found no effect within 30 min of CORT application, and a significant potentiation of synaptic transmission only after 1 h. 8 In the present work, afferent fibers in the layer V of prelimbic mPFC were stimulated and intracellular EPSPs recorded, using a bipolar electrode positioned in layer III (Figure 3a) . The nature of these synaptic responses was found to be glutamatergic since the AMPA receptor antagonist CNQX (10 μM) fully abolished the evoked synaptic response (not shown). Bath applications of CORT 100 nM, applied after a period of 10 min of stable synaptic transmission, did not produce any significant change in the amplitude of the EPSP response for up to 20 min (control: 88 ± 6%, 100 nM CORT: 83 ± 8%, P = 0.812; a single Wilcoxon signed-rank two tails test was performed on the set of n = 4 experiments, by comparing the average EPSP amplitudes computed on each experiment over 5 min time windows before and after CORT application at t = 0: control time window from −5 min to 0, CORT time window from +10 min to +15 min) (Figure 3b, top graph) . CORT application did not produce any detectable change in membrane resting potential (data not shown). To reveal more subtle effects of CORT on mPFC synapses, we also evaluated paired-pulse facilitation, a short-term form of synaptic plasticity known to sense modifications of the release machinery. 34 Following the application of CORT, the pairedpulse ratio (PPR) remained stable around its mean control value, and no consistent changes could be detected (control: 101 ± 5%, 100 nM CORT: 99 ± 3%; n = 4, P = 0.625, Wilcoxon signed-rank two tails test) (paired EPSPs; Figure 3b bottom graph). We also found that bath applications of 1 μM and 10 μM CORT, did not produce any significant change in the amplitude of the EPSP response for up to 20 min (control: 104 ± 2%, 1 μM CORT: 107 ± 3%, P = 0.250; control: 99 ± 4%, 10 μM CORT: 96 ± 5%, P = 0.625) (Figures 3c and d) . Altogether, these experiments showed that CORT does not enhance action potential-evoked glutamate release in layer III mPFC synapses, within 20 min of its application, at all concentrations tested. Instead, CORT application to ex vivo HPC slices showed potentiation of CA3-CA1 excitatory transmission. We recorded field EPSPs in stratum radiatum of the CA1 region following stimulation of the Schaffer collaterals. In agreement with previous reports, bath application of 10 μM CORT produced a significant increase in CA3-CA1 synaptic transmission (control: 101 ± 2%, 10 μM CORT: 109 ± 6%; N = 7, Po0.008, Wilcoxon signed-rank one-tail test; control time window from −10 to 0 min, CORT time window from +10 to +20 min).
In vitro application of corticosterone increases the number of FM1-43 fluorescent synaptosomes in the TIRF microscopy field To confirm by a different approach that in vitro CORT is able to increase the mobilization of vesicles into the RRP, we used TIRF microscopy, an imaging technique that allows the study of events occurring in or immediately beneath the plasma membrane (about 100 nm). 35 To this purpose, SV in purified PFC/FC synaptosomes were labeled with the lipophilic dye FM1-43 (see Figure 1a ; n = 6-11 recordings, four independent experiments. Histograms representing (g) the area under the curve (AUC) of the recording curves (f) from t = 0 to t = 5 min and (h) from t = 0 to t = 10 min. AUC are expressed as % vs DMSO. Data and statistics as in Figure 1d ; *Po0.05, **Po0.01 vs DMSO; n = 6-11 recordings, four independent experiments. (i) Graph representing the number of spots visualized in TIRF field during 10 min of in vitro incubation with DMSO or 10 μM CORT after pre-incubation with SPIR or RU486. Data as in Figure 1a ; n = 6-11 recordings, three independent experiments. Histograms representing the AUC of the recording curves (i) (j) from t = 0 to t = 5 min, and (k) from t = 0 to t = 10 min. Data and statistics as in Figure 1d ; *P o0.01 vs DMSO, # Po 0.01 vs CORT, § P o0.05 vs CORT; n = 6-11 recordings, three independent experiments. CORT, corticosterone; DMSO, dimethylsulfoxide; PFC/FC, prefrontal and frontal cortex; TIRF, total internal reflection fluorescence; TIRFM, total internal reflection fluorescence microscopy.
Materials and Methods for details).
23 First, to confirm that the majority of purified PFC/FC synaptosomes in our preparation contain glutamate, 36 we measured the number of glutamate positive spots vs total FM1-43 labeled structures, by co-labeling synaptosomes with both FM1-43 FX (a fixable analog of FM1-43) and an antibody for glutamate. Glutamate-stained spots in the TIRF field were 62.76 ± 1.76% of total FM1-43 FX spots, n = 6 (Figures 4a and c) , indicating that a majority of 43 labeled synaptosomes were glutamatergic. A similar result was obtained measuring the percentage of v-GLUT1/FM1-43 FX-positive spots (70.24 ± 1.59%, n = 10) (Figures 4b and d) . Therefore, to evaluate the effect of CORT on vesicle mobilization, we labeled SV with FM1-43 in live, freshly purified PFC/FC synaptosomes and recorded in TIRF microscopy during incubation with different concentrations of CORT (100 nM, 1 μM, 10 μM). We found that CORT caused a time-dependent increase in the number of fluorescent spots in the TIRF field, which indicates a time-dependent accumulation of fluorescent SV in close proximity to the membrane (Figure 4e ; see Supplementary Videos S1 and S2). This increase was significant for all CORT concentrations, and started immediately after addition of CORT (Figure 4f ). The area under the curve values were maximal after 5 min (one-way ANOVA, P = 0.0041; Newman-Keuls post hoc test; 100 nM CORT: 29.85 ± 6.16%, n = 6-11, Po 0.01; 1 μM CORT: 30.89 ± 8.49%, n = 6--11, P o0.05; 10 μM CORT: 36.01 ± 11.65%, n = 6-11, P o 0.05 vs DMSO; Figure 4g ) and remained constant for up to 10 min of recording (one-way ANOVA, P = 0.0035; Newman-Keuls post hoc test; 100 nM CORT: 32.25 ± 6.08%, n = 6-11, P o 0.05; 1 μM CORT: 32.13 ± 8.94%, n = 6-11, P o 0.01; 10 μM CORT: 39.31 ± 11.54%, n = 6/9, P o 0.01 vs DMSO; Figure 4h ). These results confirm, by using a different technical approach, that in vitro incubation of PFC/FC synaptosomes with CORT induces rapid mobilization of vesicles towards the presynaptic membrane, consistent with an increase in the RRP size. Figure 5 . Both acute stress and CORT treatment increase levels of Phospho-Ser 9 synapsin I in synaptic membranes and CORT increase of the readily releasable pool is dependent on phosphorylation of synapsin I in Ser 9 . Total synapsin I expression and phospho-Ser 9 (site 1), in synaptosomes (a,c) and synaptic membranes (b,d) from PFC/FC of (a,b) control (CNT) and FS-stressed (STRESS) rats; (c,d) synaptosomes incubated in vitro with DMSO or corticosterone (CORT). 10 μM CORT in vitro increases levels of phospho-Ser 9 synapsin I in synaptic membranes, while 100 nM CORT does not have any effect. Data and statistics as in Figure 1a ; **P o0.01 vs CNT and **P o0.01 vs DMSO, n = 12 in duplicate. (e) Phospho-Ser 9 (site 1) synapsin I levels in synaptic membranes from synaptosomes incubated with CORT or pre-treated with SPIR or RU486 and incubated with CORT. Data are expressed as in Figure 1a . Statistics as in Figure 1d ; *P o0.05 vs CORT, **P o0.01 vs CORT; n = 12 in duplicate. (f) 250 mM sucrose-evoked [ 3 H]D-Asp release from superfused PFC/FC synaptosomes of control rats incubated with 0.01% DMSO or 10 μM CORT in the presence or absence of entrapped Ab for synapsin I epitope containing Ser9. Data and statistics as in Figure 2a ; ***P o0.001 CORT vs DMSO in the absence of Ab for synapsin I epitope containing Ser9 n = 6-8. All protein bands used were within linear range, and normalized for β-actin level in the same membrane for loading (see Materials and Methods and Supplementary Figure S3c,f,g ). Insets: representative immunoreactive bands. Ab, antibody; Asp, aspartase; CORT, corticosterone; DMSO, dimethylsulfoxide; PFC/FC, prefrontal and frontal cortex; SPIR, spironolactone.
As above, to evaluate the involvement of MR/GR activation, we performed TIRF microscopy experiments in the presence of selective receptor antagonists. After having verified that the number of labeled spots visualized in the TIRF field was not changed by SPIR or RU486 in the absence of CORT (not shown), synaptosomes were pre-incubated for 5 min with MR/GR antagonists before adding 10 μM CORT (Figure 4i ). Both SPIR and RU486 completely abolished the effect of CORT (one-way ANOVA, P = 0.0016; Newman-Keuls post hoc test; SPIR: −38.51 ± 11.83% n = 6-11, Po 0.01; RU486: −26.73 ± 5.59% n = 6-11, P o 0.05 vs CORT, Figure 4j ; one-way ANOVA, P = 0.0011; Newman-Keuls post hoc test; SPIR: −43.58 ± 12.09% n = 6-11, P o0.01; RU486: −28.69 ± 5.92% n = 6-11, P o 0.05 vs CORT, Figure 4k) , suggesting again the involvement of both receptors in the vesicle mobilization induced by CORT.
Both acute stress and corticosterone increase the phosphorylation level of synapsin I at site 1 in synaptic membranes of PFC/FC To investigate what local signaling pathways are involved in the effect of acute stress on glutamate release in PFC/FC, we analyzed a number of protein kinases that have been involved in the action of stress and/or in the regulation of presynaptic mechanisms, including extracellular signal-regulated kinase (ERK1/2), protein kinase B/Akt (Akt), glycogen synthase kinase-3α/β (GSK-3α/β), mammalian target of rapamycin (mTOR), α-CaM kinase II (αCaMKII). 473 , which showed significant reduction, but not the expected increase, of phosphorylation (−22.87 ± 7.12% n = 7-8, P = 0.0068, unpaired t-test). Overall, these results suggested that these kinases are not involved in the action of acute stress on presynaptic release of glutamate in PFC/FC. In addition, we measured the expression of the following proteins in presynaptic membranes: NSF, α/β-SNAP, syntaxin-1 (syx-1), synaptobrevin-2, complexin-1/2 (cpx-1/2), synaptotagmin-1 (syt-1), Rab3a, Munc-18, Dynamin-1, and found no changes after FS-stress (not shown). We also measured by co-immunoprecipitation a number of protein/protein interactions involved in regulation of transmitter release, including: syx-1/syt-1, syx-1/ Munc-18, syx-1/α/β-SNAP, syx-1/cpx-1/2, syt-1/syx-1, syt-1/cpx-1/2, syt-1/Munc-18, syt-1/Munc-13, syt-1/Rab3a, syt-1/SV2A, Rab3A/ synapsin I, Rab3A/syt-1, Rab3A/Munc-18, Rab3A/Munc-13. Among these, FS-stress selectively affected the Rab3A/Munc-13 and Rab3A/Munc-18 interactions (Supplementary Figure S2) .
Next, we turned to the evaluation of the role of synapsin I (an abundant presynaptic protein involved in vesicle mobilization and regulation of exocytosis). [41] [42] [43] [44] [45] Synapsin I was chosen because of its pivotal role in presynaptic mechanisms, and because its function is regulated by seven different consensus sites for phosphorylation, activated by different kinase pathways, 41 with the idea that identification of select phosphorylation changes in synapsin I may give clues as to the presynaptic signaling pathways affected by stress and CORT. We measured synapsin I expression and phosphorylation in: (1) PFC/FC synaptosomes and presynaptic membranes (which contain the RRP of vesicles) from control and FS-stressed rats; and in: (2) control PFC/FC synaptosomes incubated with either 10 μM CORT or DMSO in vitro for 10 min, and presynaptic membranes isolated after CORT incubation. In both ex vivo synaptosomes from acutely stressed rats and control synaptosomes incubated with CORT, we did not find any change in total expression of synapsin I and its phosphorylation levels at sites 1 and 3 to 7 (currently there is no commercial antibody for site 2) (Figures 5a and c and Supplementary Figure S3) . However, interestingly, in presynaptic membranes, in the absence of changes in total expression level, both stress and CORT application in vitro to synaptosomes induced a significant increase of phosphorylation of synapsin I, selectively at site 1, Ser 9 (25.28 ± 7.65% n = 12, P = 0.0034 and 26.2 ± 8.75%; n = 12, P = 0.0058, unpaired t-test, respectively) (Figures 5b and d) , suggesting a membrane-associated role of this protein in the presynaptic action of both stress and CORT. We also found that 100 nM CORT does not have the same effect as 10 μM CORT on synapsin I phosphorylation (Figure 5d ). Moreover, to assess if the increase in the phosphorylation level at site 1 of synapsin I induced by CORT was due to the activation of synaptic MR/GR, synaptosomes were pre-treated for 5 min with SPIR or RU486 and then incubated with CORT for 10 min in the continuous presence of the antagonists. As shown in Figure 5e , both SPIR and RU486 significantly blocked the increase of synapsin I phosphorylation in synaptic membranes (one-way ANOVA, P = 0.0080; NewmanKeuls post hoc test: SPIR: −18.82 ± 4.58% n = 12 P o 0.05 vs CORT; RU486: −17.32 ± 4.58 n = 12, P o0.01 vs CORT), suggesting that the phosphorylation at site 1 of synapsin I is downstream of MR and GR activation in synaptic terminals. Finally, we sought to investigate whether interfering with synapsin I function abolished the effect of CORT application in vitro on the RRP. With this aim, we entrapped in control PFC/FC synaptosomes an antibody directed against the synapsin I epitope containing Ser 9 , as shown previously.
13,14 When we applied 10 μM CORT in vitro to these synaptosomes, the effect of CORT on the RRP was completely abolished (Figure 5f ), establishing a stronger functional connection between this effect and synapsin I function.
DISCUSSION
Although chronic stress protocols are often used as animal models of neuropsychiatric pathology, investigation of the brain response to acute stress may be helpful in dissecting the molecular/cellular mechanisms involved in the stress response. In particular, little is known of the fast changes induced by a stressor at synaptic level, likely mediated by non-genomic mechanisms and linked to local (synaptic) processes. 3, 6 Convergent lines of evidence have shown that different stressors acutely increase the efflux of glutamate in cortical and limbic areas, including HPC, amygdala and PFC, and that this effect is at least partly mediated by CORT. 5, 36, [46] [47] [48] [49] In addition, it has been shown that application of CORT in vitro to HPC slices rapidly enhances the frequency of miniature EPSPs and reduces paired-pulse facilitation in CA1 pyramidal neurons. In these cells the hormone boosts glutamate release probability, a non-genomic effect mediated by MR located at or near the plasma membrane. 3, 6 However, although different stress protocols acutely trigger glutamate release in PFC (see above), little is known as to the effect of CORT application in cortical synapses. A previous work showed that CORT enhances synaptic transmission in PFC only 1 h after its in vitro application. 8 The results of the present work may be summarized as follows: (1) Both acute stress (ex vivo synaptosomes) and brief in vitro application of CORT to synaptosomes increased the size of glutamate RRP in PFC/FC (assessed in synaptosomes superfused with hypertonic sucrose). (2) Acute stress ex vivo increased the number of SV docked on presynaptic membrane of excitatory perforated synapses (assessed with EM stereology), in mPFC. (3) Acute stress ex vivo enhanced depolarization-evoked release of glutamate in PFC/FC, but brief in vitro application of CORT to synaptosomes did not replicate this effect (assessed in superfused synaptosomes). (4) Application in vitro of CORT to brain slices for 20 min did not change EPSP amplitude or paired-pulse facilitation in mPFC, suggesting no changes in action evoked glutamate release (assessed with electrophysiological intracellular recordings). (5) Application in vitro of CORT to synaptosomes for up to 10 min rapidly increased trafficking of FM1-43 labeled SV to the vicinity of the membrane (assessed with TIRF microscopy). (6) The increase of RRP induced by both acute stress and CORT applica-tion in vitro, as well as the CORT-induced increase of SV trafficking towards the membrane, were dependent on the activation of MR and GR. (7) Both acute stress and CORT application in vitro selectively increased phosphorylation of site 1 (Ser 9 ) of synapsin I in presynaptic membranes. This phosphorylation change was also dependent on the activation of MR and GR.
Overall, although these combined results show that the effect of acute stress on glutamate release in PFC/FC involves an increase of RRP size, mediated by the action of CORT on receptors located at presynaptic terminals, they also demonstrate that CORT application does not fully replicate the effect of stress on glutamate release in these cortical areas. For the first time, we show that CORT rapidly increases the number of glutamate vesicles available for exocytosis, a step that seems to be necessary for the enhancement of release induced by stress, but does not enhance the release by itself. This is different from HPC, where local application of CORT is sufficient to induce rapid enhancement of glutamate release and of synaptic transmission, 3, 6 and suggests that the mechanism whereby acute stress potentiates synaptic transmission is different in PFC/FC vs HPC. In mPFC, it appears that the stress-induced increase in membrane-docked vesicles, consistent with an increase of RRP, is mostly localized to perforated synapses, structures undergoing plastic changes when synaptic efficacy is modified. 50 We found that different concentrations of CORT exerted a quantitatively similar effect on the trafficking of vesicles towards the membrane, as recorded by TIRF microscopy (see Figures 4f  and h ). These data, in one with the results showing that both selective antagonists of MR and GR block the build-up of RRP, the mobilization of vesicles and the phosphorylation of site 1 of synapsin I, suggest that these processes involve multiple receptors with different affinities for CORT. 51 We showed here for the first time that two receptors visualized by antibodies for classical MR and GR are present in purified synaptosomes, as well as in presynaptic membranes and postsynaptic spines. The presence of similar receptors at pre-and postsynaptic structures has been previously shown in amygdala. 33 Putative membrane-associated MR/GR have been described by several authors, although the mechanism of their association with membranes and their downstream signaling awaits characterization. 6 The short timing of SV mobilization (see particularly Figure 4f ) and the effect of CORT on isolated synaptosomes clearly suggest that the effect on RRP is non-genomic. However, as we did not observe changes in glutamate release/transmission for up to 20 min after CORT application (Figure 3) , we suggest that the enhancement of depolarization-evoked glutamate release could be dependent on genomic effects of the hormone. 8 In this case the acute stress response in cortical areas might involve first a local effect of CORT, which primes the presynaptic terminals for higher glutamate release, and later a genomically-regulated effect actually inducing fusion of SV. We speculate that this local effect of CORT on the RRP is mediated by the activation of both MR and GR, as demonstrated both in vivo and in vitro. The effect of CORT on glutamate release after FS-stress is likely to require slower (partly genomic) mechanisms, also involving both MR and GR. 5 We observed no changes in a number of signaling pathways regulating neurotransmitter release at synapses after acute stress (see Results section). Also, we found no changes in the expression of several presynaptic proteins and in many protein/protein interactions involved in the regulation of transmitter release, with the exception of the interaction of Rab3a with Munc-13 and Munc-18. Rab proteins are small GTP binding proteins, known for their ubiquitous role in the regulation of membrane traffic. Rab3a has been shown to interact with Munc-13 and Munc-18 in the priming of SV for fusion; therefore the changes observed here may contribute to mediate the effect of acute stress on glutamate release. In particular, overexpression of Munc-13 was shown to inhibit exocytosis; 52 therefore, a decrease of the Rab3A/Munc-13 interaction could be mechanistically related to the stress-induced enhancement of glutamate release. Interestingly, the observation that both acute stress in rats and CORT application in vitro to synaptosomes elicit the selective phosphorylation of the same site 1 of synapsin I (Ser 9 ), strongly suggests that this molecular change is involved in the action of stress on the presynaptic machinery. This is confirmed by the lack of effect of CORT in vitro on the RRP size, when an antibody for synapsin I is entrapped in synaptosomes before CORT application (see Figure 5f ). Synapsin I has been previously involved in the effect of stress. 53 Ser 9 of synapsin I is a consensus site for phosphorylation by cAMP-dependent protein kinase (PKA) or calcium/calmodulin-dependent protein kinase I (CaMKI). 45 Future experiments are warranted to understand which kinase pathway is responsible for stress-and CORT-induced phosphorylation of synapsin I and how this signaling is linked to MR or GR. Synapsin I is a multi-regulated protein and its function has been involved in the regulation of SV mobility, of release probability during highfrequency stimulation, of stabilization of SV structure, and in regulation of endocytosis. [41] [42] [43] [44] It is now believed that a portion of total synapsin I does not dissociate from SV, and remains associated with the RRP. 45 It will be interesting to study how synapsin I is involved in the effect of stress on the presynaptic machinery.
In summary, although the enhancement of glutamate release induced by acute stress appears to be mediated by CORT, 2,5 the hormone seems necessary but not sufficient for this effect in PFC/FC. CORT rapidly induces mobilization of SV, seemingly by non-genomic action, building up the RRP and priming the terminals for enhancement of glutamate release. Additional effectors, likely induced by genomic effects, may be necessary to carry out the complete effect of stress in these cortical areas.
